tions used in the sodium dodecyl sulfate (SDS) sedimentation method (American Association of Cereal Chemists [AACC] 56-70 [AACC, 2000] ) and the centrifugation process found within the solvent retention capacity (SRC) method (AACC 56-11 [AACC, 2000] ). A preliminary test of the hybrid SDS-SRC method was performed on eight HWW varieties and compared to AACC (56-70) and in-house Hard Winter Wheat Quality Laboratory (HWWQL) methods to show proof of concept. Further validation of the hybrid method was conducted on a diverse set of 53 HWW varieties. The hybrid method was performed in 66% less time than AACC 56-70 and HWWQL methods. Furthermore, sample size was reduced from 6 g for the AACC method to 1 g for the hybrid method. Results obtained from the hybrid method exhibited a higher correlation to bread loaf volume (r ≥ 0.84) compared to results from the AACC method (r > 0.42) and HWWQL method (r ≥ 0.64) for wheat fl our. Due to enhanced speed, accuracy, and simplicity the hybrid SDS-SRC sedimentation method may prove useful in breeding programs, grain elevators, and other scenarios where rapid assessment of end-use quality determination is required. (1948) found that when an optimized baking formula was used, the relationship between protein content and loaf volume was linear for a given wheat cultivar over the protein range examined (8-18%). Over the years, various methods have been developed to better predict the quality of fl ours for breadmaking. Currently, breeders use a number of more sophisticated wheat functionality tests to assist them in making decisions on whether or not to proceed with the development of a given experimental line.
Over the past several decades, hard winter wheat (HWW) breeders have routinely relied on the wellestablished American Association of Cereal Chemists (AACC) 56-70 sodium dodecyl sulfate (SDS) sedimentation method (AACC, 2000) for predicting breadmaking quality of wheat since the test does not require a large amount of sample, which is typically a limiting factor in breeding programs. The SDS sedimentation test is a good indicator of gluten quantity and quality because they are related to end-product quality (Axford et al., 1978 (Axford et al., , 1979 Preston et al., 1982; Dick and Quick, 1983) . Although the SDS sedimentation method is highly regarded, the test does have limitations, namely (i) the SDS sedimentation values are not linearly correlated with bread loaf volume at high fl our protein levels (>140 g kg -1
) (Preston et al., 1982; Ayoub et al., 1993) and (ii) the method is sensitive to processing variables and therefore are prone to operator error; for example, a slight change in shaking time can considerably alter the results.
The original sedimentation test developed by Zeleny (1947) measured the rate of wheat fl our sedimentation from an acidic suspension. Over time, the sedimentation method was generally accepted to be a useful indicator of gluten quality for wheat products. Many modifi cations of the sedimentation procedure have occurred over the last fi fty years leading up to the current approved method.
The AACC method 56-70 requires approximately 30 min to conduct (not including the time to weigh sample). Although the AACC 56-70 sedimentation test has been used eff ectively, breeders and quality labs are always developing improved methods to reduce analysis time while maintaining accuracy and reproducibility.
Another method that is used to test wheat gluten quality is the solvent retention capacity (SRC) test (AACC method 56-11; AACC, 2000) , which uses 5% lactic acid as a solvent. The SRC method employs centrifugation to assist separating the supernatant from the fl our biomacromolecular precipitate (starch and gluten) (Gaines, 2000) . Guttieri et al. (2004) reported that the SRC test was successful in predicting the quality of soft wheat products. Xiao et al. (2006) reported a strong correlation (r = 0.83) between the SRC method using 5% lactic acid and HWW bread loaf volume. Unfortunately, the limiting factor of the SRC method is that 50 min is required to perform the analysis. Therefore, the objective of this study was to develop a rapid, small-scale method to accurately determine breadmaking quality for early generation HWW breeding lines by combining the solutions used in the SDS sedimentation method (AACC 56-70) and the centrifugation process found within the SRC method (AACC 56-11).
MATERIALS AND METHODS

Sample and Sample Preparation
A set of eight HWW samples selected from samples submitted to the 2006 Wheat Quality Council (WQC) milling and baking test evaluations were used ('Overley' and 'Fuller' from Kansas, NE01643 from Nebraska, OK93P656H3299-2C04, OK01420, and OK02405 from Oklahoma, SD01W064 from South Dakota, and TX01D3232 from Texas) to develop a rapid and small-scale hybrid SDS sedimentation-SRC method. Wheat samples were milled into straight-grade fl our using a Miag Multomat mill (Buhler, Duisburg, Germany). Ground whole wheat meal (hereafter called "wheat meal") was prepared from approximately 18 g of wheat kernels using a Udy cyclone mill (Udy Corp., Fort Collins, CO). Kernels were fi nely ground to a uniform size for passage through a 1-mm screen (Guttieri et al., 2004) . The ground meal was placed in glass jars and further mixed for 5 min to provide a homogeneous mixture.
A set of 53 HWW samples was used in the validation study and had greater variation in quality characteristics. Samples were provided by the Hard Winter Wheat Quality Laboratory (Manhattan, KS) (HWWQL), which is one of four federal wheat quality laboratories within the USDA and whose mission is to assist U.S. HWW breeders in their screening decisions by providing end-use quality evaluation of advanced experimental wheat lines before commercial release. Samples were randomly selected from 600 breeding lines harvested in 2006, including experimental lines from the USDA Regional Performance Nursery as well as entries from the WQC HWW evaluations. The WQC is the nonprofi t organization in the United States whose goal is to improve the value of all U.S. wheat classes for producers, millers, and processors through the annual evaluation of the end-use quality of advanced breeding lines. Wheat samples were then milled into straight-grade fl our using a Brabender Quadrumat Senior experimental mill (Brabender, GmbH & Co., Duisburg, Germany) . Wheat meal was prepared as described above.
Proximate Analyses
Protein content was estimated by near-infrared analysis (AACC-approved method 39-11; AACC, 2000) . Ash and moisture contents were determined according to AACC-approved methods 08-01 and 44-15A (AACC, 2000), respectively. Analytical data are reported on a 140 g kg -1 moisture basis (mb).
Offi cial AACC 56-70 SDS Sedimentation Method
In the AACC method 56-70, 6.3 g of sample was dispersed in 50 mL of distilled and deionized water and shaken 6 min. Then 50 mL of a solution containing 3% (w/v) SDS and 0.002 g mL -1 lactic acid was added. The solution was then shaken for solution and the SDS solution and contains 0.001 g mL -1 lactic acid and 0.01 g mL -1 SDS, which is the same as the in-house HWWQL method.
Sample Preparation and Processing Conditions Used in the Hybrid SDS-SRC Sedimentation Method
The hybrid SDS-SRC method required a 1.0-g sample size. This is a 50% reduction compared to the in-house HWWQL method. The solution concentration used in the hybrid SDS-SRC method was the same as that used for the in-house HWWQL method, although the solution volume required to conduct the analysis was reduced from 50 to 25 mL. In addition, the hybrid SDS-SRC method utilized centrifugation rather than sedimentation to analyze results. The procedure was as follows: 1.0 g wheat meal or fl our was weighed and placed in a preweighed 50 mL polypropylene tube followed by the addition of 5 mL of 0.47% lactic acid. After capping the tube, samples were mixed on a small vibratory mixer for 6 sec and then 20 mL of 1.25% SDS solution was added. The tubes were capped and mixed again for 6 sec. The tubes were shaken on a platform shaker (Innova 2000, New Brunswick Scientifi c, Edison, NJ) at 300 rpm for either 2 or 4 min (according to the experimental design). The tubes were centrifuged at 3200 × g in a swinging bucket rotor (Eppendorf 5810R, Brinkmann Instruments Inc., Westbury, NY) for either 1 or 2 min (according to the experimental design). Following centrifugation, the supernatant was carefully removed by decanting so as not to disturb the precipitate. A paper towel was used to wipe any remaining foam that was visually identifi ed inside the tube. The tube was capped and weighed to determine the sedimentation weight value, which was calculated using the following formula similar to AACC 56-10 and AACC 56-11 (AACC, 2000) : weight value (%) = ((pellet weight/fl our weight) × {[86/ (100 -percent fl our moisture)]} -1) × 100.
Straight Dough Baking Method
An optimized straight dough baking method (AACC method 10-10B; AACC, 2000) was used for the experimental breadmaking test. The bread formulation contained 100 g fl our, 11 mL of a solution containing 6 g sucrose and 1.5 g sodium chloride, and 5 mL of aqueous malt mixture containing (0.25 g) dried malt, dry active yeast (1 g), shortening (3 g), and ascorbic acid (5 mg). Bake water absorption and mix time were estimated based on mixograph data and adjusted to optimum as determined by the appearance and feel of the dough by an experienced baker. Dough was fermented for 90 min in a proofi ng cabinet set at 30°C with a relative humidity of 86%. Loaves were baked at 218.3°C (425°F) for 18 min and were weighed immediately after removal from the oven. The bread volumes were measured by rapeseed displacement.
A trained baker graded the bread for crumb grain on a scale from 0 to 6: 0 for "unsatisfactory," 2 for "questionable," 4 for "satisfactory," and 6 for "outstanding" as described by Park et al. (2004) .
Statistical Analysis
Statistical analysis of data was performed using the Statistical Analysis System (v. 8.0; SAS Institute, 1999). Statistical methods an additional 4 min. The fi nal concentration of lactic acid was 0.001 g mL -1 and SDS was 0.015 g mL -1
. The contents were allowed to settle for 20 min after which the volume of sediment was recorded. The total time required to complete the analysis was 30 min. The offi cial AACC method 56-70 was conducted in the preliminary test to be used as a benchmark when evaluating the feasibility of the in-house HWWQL and the proposed hybrid sedimentation methods.
In-House HWWQL Sedimentation Method
Since 1994, the HWWQL has used an in-house sedimentation method based on modifi cations to AACC method 56-70 to address the limited sample quantity often seen with breeding programs. Xiao et al. (2006) described the modifi ed AACC method and reported the correlation between the results obtained using the modifi ed method and breadmaking quality. The in-house HWWQL method was used in both preliminary and validation tests. Modifi cation of AACC 56-70 included a reduced sample analysis weight (2 g) and a 50% reduction in solvent as well as implementation of a continuous (automated) shaking process throughout the assay. The in-house HWWQL method requires 36 min (16 min shaking time and 20 min sedimentation time). The samples evaluated using the in-house HWWQL method were prepared as follows: 2.0 g (140 g kg -1 mb) sample of wheat fl our or wheat meal was suspended in 20 mL of aqueous bromophenol blue (0.004 mg mL -1 ) solution and shaken vigorously by hand for 5 sec in a 100 mL sealed graduated cylinder followed by shaking for 4 min on an automated wrist-action (table-top) shaker at 40 revolutions per minute (rpm) (Merkle-Korff Gear Co., Chicago, IL). Then 20 mL of 2.5% (w/w) SDS solution was added, and the resulting solution was mixed by automated wrist shaker for an additional 6 min at 40 rpm. This was followed by the addition of 10.0 mL 0.005 g mL -1 lactic acid solution and further mixing by automated shaking for another 6 min. The fi nal concentration of the solution containing lactic acid was 0.001 g mL -1 and 0.01 g mL -1
SDS. The cylinder contents were allowed to settle for 20 min after which the volume of sediment was recorded.
Hybrid SDS-SRC Sedimentation Method
This new method is based on a combination of the HWWQL in-house method and SRC test AACC method 56-11. Four combinations of processing conditions were studied that varied shaking and centrifugation times (2 min shaking with 1 min centrifugation, 2 min shaking with 2 min centrifugation, 4 min shaking with 1 min centrifugation, and 4 min shaking with 2 min centrifugation).
Reagent Preparation
Twenty-fi ve milliliters of 85% lactic acid solution (Fisher Scientifi c, St. Louis, MO) was added to 200 mL water resulting in a lactic acid concentration of 0.09 g mL -1
. This "stock" solution was refl uxed for 6 h to reduce the aggregation tendency of the lactic acid molecules. A lactic acid "working" solution was made by mixing the stock solution with water at a ratio of 50 mL to 950 mL water, in which the fi nal concentration of working solution was 0.0047 g mL -1
. A 1.25% solution of SDS was prepared by dissolving 12.5 g of SDS in 987.5 mL water. The fi nal test solution is a mixture of the lactic acid working utilized were simple correlation coeffi cient (r), coeffi cient of determination (R 2 ), p < 0.05, p < 0.01, p < 0.001, p < 0.0001, and linear regression. The reproducibility of each method was assessed by comparing the results of triplicates of sample analysis in the preliminary test and duplicates for the validation test; in all cases, the mean value (not the individual analysis) of each sample for each method (e.g., shaking time) was correlated with the common quality traits using the Pearson simple correlation analysis.
RESULTS AND DISCUSSION
Preliminary Investigation of Processing Parameters
The fi rst phase of the research was to determine the processing parameters for the hybrid SDS-SRC method (shaking speed, shaking time, and centrifugation time ), and 3.7 to 4.6 g kg -1 (mean 4.0 g kg -1
), respectively. Variation in breadmaking parameter results for water absorption, mixograph mix time, mixing tolerance (0-6 scale), loaf volume, and crumb grain score (0-6 scale) were 617 to 656 g kg -1 (mean 634 g kg ), and 2.3 to 4.2 (mean 3.6), respectively. Experimental data showed the optimal shaker speed to be 300 rpm. In this proof of concept stage, the hybrid SDS-SRC method was initiated by employing a 10 min shake time as described in AACC 56-70 and slowly reduced the shaking time at 2 min intervals from 10 min down to 2 min. Therefore, shaking times of 2, 4, 6, 8, and 10 min were investigated at a fi xed centrifugation time of 1 min. Centrifugation was employed as a means to expedite the sedimentation rate as described in AACC 56-11. The minimum amount of time that the centrifuge could be programmed was 1 min. To determine if additional centrifugation time improved sedimentation, a 2 min centrifugation time was used for comparison.
No signifi cant diff erences were observed among all shake times (data not shown). Therefore, the 2 and 4 min shake times were selected since both exhibited an r value above 0.90 between the hybrid SDS-SRC method and bread loaf volume. This phase of the research suggested that a reduction in processing time was successful.
Evaluation of Processing Conditions for the Hybrid SDS-SRC Method
The correlation coeffi cients between results from the hybrid SDS-SRC method and bread loaf volume using wheat fl our and wheat meal from eight test samples were all greater than 0.90 for the 2 or 4 min shaking time and 1 min centrifugation (Table 1) . It was observed that the 2 min shake time resulted in a weaker pellet more often than the 4 min shaking time even though the correlations coeffi cients were similar for the wheat fl our samples. A fi rmer pellet (a sample that did not fall when inverted) was observed more frequently for wheat meal samples compared to wheat fl our samples under the same processing conditions. Increasing the centrifugation time from 1 to 2 min under the same conditions described did not substantially change the correlation coeffi cient (r > 0.90) between loaf volume and sedimentation values (Table 1) . However, the 2 min centrifugation time resulted in fi rmer pellets for the eight wheat fl our and meal samples compared to 1 min centrifugation. Furthermore, the wheat meal samples exhibited fi rmer pellets than the fl our samples under the same processing conditions. Therefore, to obtain higher consistency the 2 min centrifugation time was used for the remainder of the investigation. A total assay time of less than 10 min with the hybrid method represents a considerable shortening of overall assay time from the 30 min required for AACC 56-70 and 36 min for the in house HWWQL assay. Wang and Kovacs (2002) reported similar correlation coeffi cient values (r > 0.90) but a considerably longer shaking and centrifugation process totaling over 25 to 45 min depending on swelling time.
Correlation and Reproducibility among AACC 56-70, In-House HWWQL, and Hybrid
SDS-SRC Sedimentation Methods
Results from the hybrid SDS-SRC method exhibited a stronger correlation to bread loaf volume in fl our compared to results from the other methods evaluated. Regardless of processing conditions, results from the hybrid SDS-SRC method were highly correlated to bread loaf volume (r > 0.90) whereas results from the AACC method 56-70 and in-house HWWQL methods exhibited r values of 0.56 and 0.60, respectively, for the eight wheat fl our samples (Table 1) . Xiao et al. (2006) analyzed and correlated bread loaf volume to sedimentation values using the in-house HWWQL method and reported r = 0.72 for 116 HWW fl our samples that exhibited a large range in breadmaking properties. Axford et al. (1979) reported r = 0.80 and Oelofse (2008) reported r = 0.53 between loaf volume and AACC method 56-70. Compared to the AACC 56-70 method, the hybrid SDS-SRC method was conducted in 66% less time, used an 84% smaller sample size, and required 75% less lactic acid and SDS solution.
When using wheat meal as the test sample, results from the hybrid SDS-SRC method exhibited similar correlation values to loaf volume when compared to results using AACC method 56-70 (r > 0.90). The in-house HWWQL sedimentation method provided data whose correlation value for loaf volume was 0.76 for wheat meal (Table 1) . Sapirstein and Suchy (1999) reported similar results (r = 0.97) for the correlation between wheat meal and bread loaf volume using AACC method 56-70.
The reproducibility of data derived from the hybrid SDS-SRC method was determined by evaluating the eight samples used in Table 1 for both fl our (Table 2) and wheat meal (Table 3) in triplicate. Analysis of wheat fl our using the hybrid SDS-SRC method produced results with similar reproducibility and CVs averaged 0.58 and 1.63 for 2 min shaking and 4 min shaking tests, respectively, compared to a CV of 0.89 for the AACC method 56-70. The HWWQL in-house test produced values that showed the greatest variability with an average CV of 2.22. In general, wheat meal displayed superior repeatability of test data resulting in less variability between samples and with a lower average CV for both hybrid test conditions than the AACC and in-house methods (Table 3) .
Validation Study
To confi rm our preliminary results, a larger, more diverse set of 53 HWW fl our and meal samples milled from early generation lines was used in the validation study (Table 4) . The AACC method 56-70 and the in-house HWWQL SDS sedimentation methods were used as methods of comparison in the validation study. The data suggested that the selected sample set represents a broad range of HWW quality. The sample set showed a large variation in protein content (105-168 g kg -1 for wheat protein and 93-161 g kg -1 for fl our protein), and test weights ranged from 694 to 805 kg hL -1 (mean of 755 kg hL -1
). Furthermore, samples exhibited variability in mixograph characteristics including water absorption (58.3-69.8%), mix time (1.5-8.6 min), and tolerance (0-6). Consequently, bread baking results showed a wide range in loaf volumes (670-1200 cm 3 ) and crumb grain scores (1.0-5.0). These data are consistent with the ranges observed in other breeder samples (Xiao et al., 2006) . Correlation coeffi cients for the various processing conditions used to evaluate the 53 HWW varieties exhibited coeffi cients above 0.90 for both wheat fl our and wheat meal (data not shown). The high correlation coeffi cients suggest that test results derived from the hybrid SDS-SRC method were consistent and repeatable throughout the diverse range of HWW samples analyzed using either processing condition.
Correlation Between Hybrid SDS-SRC Sedimentation Method and Wheat Flour Characteristics
Test results utilizing the hybrid SDS-SRC method provided superior correlation (n = 53) to a number of quality parameters such as protein content, mixogram water absorption and mix time, and bread characteristics (including loaf volume and crumb grain) when compared to results from AACC method 56-70 and the in house SDS sedimentation assay (Table 5) .
The correlation coeffi cient (r) for wheat and fl our protein content and results obtained from using the hybrid SDS-SRC method on fl our and wheat samples ranged from 0.60 to 0.65 (p = 0.0001). The correlation coeffi cient (r) for wheat and fl our protein content and the AACC 56-70 sedimentation method value on wheat meal ranged from 0.53 to 0.57 (p = 0.001).
Correlation of results obtained from AACC method 56-70 using fl our showed no signifi cance to both wheat and fl our protein content, whereas the r value for wheat and fl our protein content and the in-house HWWQL sedimentation method value on fl our are 0.42 and 0.43 (p = 0.01), respectively. However, results from wheat meal analysis using the in-house assay produced r values of 0.61 and 0.63 for wheat and fl our protein content, respectively, and were found to be signifi cant (p = 0.0001). This data is similar to results reported by Khatkar et al. (1996) and Colombo et al. (2008) regarding SDS sedimentation and protein contents.
Test results obtained from the hybrid SDS-SRC method exhibited a signifi cant correlation (p = 0.0001) to mixogram water absorption values for all the process conditions evaluated. Finney and Shogren (1972) reported that the water absorption and mixograph data provided a quantitative guide for the level of water required to optimize dough for breadmaking. Mixing time was signifi cantly correlated to hybrid SDS-SRC method values using wheat fl our (p = 0.01). However, results obtained when using wheat meal resulted in lower correlations (p = 0.05). Marginal correlations to mix time were observed when using results from the in-house assay, whereas AACC method 56-70 test values showed no correlation to mixing time when using wheat fl our or wheat meal. Oelofse et al. (2010) reported a correlation of 0.37 between results derived from AACC method 56-70 and mixograph mix time of 11 South African wheat lines grown over eight locations. None of the three methods produced test data that showed a signifi cant correlation with mixing tolerance. Mixing tolerance is an indication of how rapidly dough loses consistency (breakdown) on over-mixing (Ohm and Chung, 1999) .
Correlation Between Bread Quality Parameters (Loaf Volume and Crumb Grain) and Test Value
Comparisons were made among the correlation coefficients (n = 53) of loaf volume with results from the three sedimentation methods (Table 5 ). All of the correlation coeffi cients comparing loaf volume to results from the hybrid SDS-SRC method were at least 0.85, whereas the AACC method 56-70 and in-house methods produced results that exhibited lower r values with considerable variation between results obtained using fl our and wheat meal. However, wheat meal had higher correlations.
Figures 1A and 1B depict the relationships (n = 53) between loaf volume and wheat fl our protein (r = 0.66) and wheat meal protein (r = 0.64), which has historically been used as an indicator of end-use quality in bread wheats. The fi gures confi rm a signifi cant correlation between loaf volume and protein content in the 53 samples used in this study (Finney, 1943; Finney and Barmore, 1948) . Similar results were reported by Colombo et al. (2008) . The correlation between loaf volume and results obtained using AACC method 56-70 for wheat fl our and wheat meal is depicted in Fig. 2A and 2B . Similar to the results of our preliminary test, the sedimentation value showed a signifi cant correlation with loaf volume for wheat meal (r = 0.73) that was higher than the correlation of loaf volume to wheat meal protein content but was lower for wheat fl our (r = 0.42) and considerably lower than the correlation of loaf volume to wheat fl our protein content.
The correlations between loaf volume and results obtained using the in-house HWWQL sedimentation method for wheat fl our and wheat meal are shown in Fig.  3A and 3B. Wheat meal resulted in more consistent results with stronger correlations than results obtained from wheat fl our. Figure 3A reveals that as the sedimentation volume increased to a threshold point, the correlation to loaf volume decreased as observed in Fig. 2A . This may indicate that the sedimentation method is limited in use as a predictor of bread loaf volume. Wheat fl our correlations exhibited a ceiling eff ect, which implies that the samples with stronger and higher protein contents conferred sedimentation volumes beyond the test's sensitivity for satisfactory discrimination (Preston et al., 1982; Morris et al., 2007) . Ayoub et al. (1993) reported a similar phenomenon with eastern Canadian bread wheat that had high protein content. Moreover, sedimentation results from AACC method 56-62 (AACC, 2000) also displayed a ceiling eff ect from wheat with high protein content. Xiao et al. (2006) reported an R 2 of 0.52 for sedimentation value versus loaf volume when using the in-house HWWQL sedimentation method on 116 HWW fl our samples. The ceiling eff ect was minor in the wheat meal samples (Fig. 2B and 3B) .
The correlation between loaf volume and results from the hybrid SDS-SRC method with 2 min shaking and 2 min centrifugation for wheat fl our and wheat meal are shown in Fig. 4A and 4B. There is a strong linear correlation between loaf volume and the hybrid SDS-SRC method value for both wheat meal and wheat fl our. No ceiling eff ect was observed with regard to protein content on either wheat fl our and wheat meal analyzed by the hybrid method. The results using a 4 min shaking and 2 min centrifugation similarly show a strong linear correlation between loaf volume and test data from the hybrid SDS-SRC method for wheat fl our and wheat meal (Table 5 ). In addition, the hybrid SDS-SRC method exhibited correlations between loaf volume and sedimentation values for both wheat meal and fl our that were higher than using those between loaf volume and wheat and/or fl our protein contents. The correlation coeffi cients between sedimentation methods and bread crumb score were determined for wheat meal and fl our at 2 min shake time and 2 min centrifugation time. The correlation coeffi cients ranged from r = 0.66 to 0.68 for fl our and wheat (Table 5 ). The 4 min shake time and 2 min centrifugation time produced results similar to the processing conditions reported above. The in-house method provided values that showed good correlation in both wheat meal and fl our (r = 0.60 and 0.64). In contrast, results obtained using AACC method 56-70 showed equally strong correlations to crumb grain score in wheat meal samples (r = 0.68) but not in fl our (r = 0.39). Bread crumb grain scores were only marginally correlated with fl our protein content (r = 0.39; p = 0.05; data not shown). Crumb grain scores usually do not show high correlation with other quality parameters as compared to loaf volume (Park et al., 2004) . Previous reports suggest that bread crumb grain score is an important parameter used to describe the appearance of sliced bread (Kamman, 1970; Hayman et al., 1998; Park et al., 2004; Xiao et al., 2006) .
CONCLUSIONS
The hybrid SDS-SRC method showed similar performance on wheat meal compared to AACC method 56-70 and the in-house HWWQL methods for predicting bread quality parameters. The major advancement of the hybrid SDS-SRC method over the other two methods evaluated was the 60% reduction in analysis time. Furthermore, the hybrid SDS-SRC method may be more convenient for breeders for use on early generation lines since whole meal and milled fl our are typically available in only limited quantities. Moreover, test results obtained from the hybrid SDS-SRC method showed improved correlation with loaf volume when using fl our compared to results derived from AACC method 56-70 and the in-house HWWQL method. An additional advantage of the hybrid SDS-SRC method is that the method is not limited simply to wheat 
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meal and provides similar values regardless of sample type (wheat meal or fl our). This study suggests that either a 2 or 4 min shaking with 2 min centrifugation may achieve optimum results for both fl our and wheat meal samples. For more rapid screening tests on both wheat meal and fl our samples, 2 min shaking followed by 2 min centrifugation may be used but with a minor loss in accuracy compared to the 4 min shake time. The more rapid 2 min screening method could also be used in other settings, such as grain elevators, where a quick utilitarian determination of end-use quality might be useful. While results from this study suggest that this modifi ed method has broad application, further study is needed. Future research will focus on a larger test population that includes greater variation in environmental conditions (and stresses) as well as greater variation in quality factors such as test weight, protein quantity and quality, and loaf volume.
